Cytochrome cdl-nitrite reductase is a bifunctional enzyme that catalyzes the one-electron reduction of nitrite to nitric oxide and the four-electron reduction of oxygen to water. The 1.55 A crystal structure of the dimeric enzyme from Thiosphaera pantotropha is reported here. The protein was sequenced from the X-ray structure. Each subunit contains a covalent c heme with two axial His ligands (His-17, His-69) and a unique noncovalent d~ heme ligated by Tyr-25 and His-200. The dl heme is the mononuclear iron center where both oxygen and nitrite reduction take place. The two types of heme are located in separate domains whose arrangement suggests a mechanism requiring domain movement during catalysis.
Introduction
Respiration of oxygen is an obligatory process of fundamental importance for almost all eukaryotic cells, whereas prokaryotes can frequently use other electron acceptors. An evolutionary link between oxygen-reducing enzymes and denitrifying enzymes has recentiy been proposed (van der Oost et al., 1994; Castresana et al., 1994) , suggesting that higher cytochrome oxidases have evolved by tinkering with denitrifying enzymes . Cytochrome cd~ nitrite reductase from Thiosphaera pantotropha is a bifunctional enzyme that catalyzes both the one-electron reduction of nitrite to nitric oxide (NO) NO2-+2 H++ e---* NO + H20 (i) and the four-electron reduction of oxygen to water O2+ 4 H++ 4 e---* 2 H20 (2) and thus has been known also as a cytochrome oxidase (Yamanaka and Okunuki, 1963; Lam and Nicholas, 1969) . The enzyme is a soluble dimeric hemoprotein located in the bacterial periplasm (Alefounder and Ferguson, 1980) . T. pantotropha can use either oxygen or nitrogen-oxyanions in respiration. The physiological role of cytochrome cd~ in this bacterium is nitrite reduction, in other denitrify-:J:Present address: School of Biological Sciences, University of East Anglia, Norwich NR4 7TJ, England.
ing bacteria, the reduction of nitrite to NO can be catalyzed by another type of enzyme, a trimeric copper protein (Godden et al., 1991 ; Kukimoto et al., 1994) . However, the copper enzyme does not catalyze reaction 2 and is inactivated by oxygen in a reaction yielding hydrogen peroxide instead of water.
Reaction 1 is a key respiratory reaction in denitrifying bacteria. A fascinating feature of cytochrome cdl is that it contains a heine group from which NO must be released as a reaction product despite its extremely high affinity for heme iron. In animals, NO serves as an agent whereby macrophages exert their tumoricidal and bactericidal effects, and it has been implicated as a member of a new class of neurotransmitters (see Bredt and Snyder, 1994) .
The mechanism of NO release in cytochrome cdl may have implications for understanding the release of NO from receptors such as the heme-containing guanyl cyclase in higher cells. The structure reported here suggests a strategy by which this could be achieved.
Each subunit of cytochrome cd~ contains a covalent c-type and a unique noncovalent d~-type heme. The d~ heme is distinguished by partial saturation of the porphyrin ring and the presence of carbonyl groups on the ring (Figure 1 ; Wu and Chang, 1987) . The majority of the experimental evidence indicates that the d~ heme is the site of nitrite and oxygen reduction, and the c heine is the site of electron entry from donors (Silvestrini et al., 1990) . The enzyme can accept electrons from a range of donors, including azurin (Parr et al., 1977) , pseudoazurin (Moir et al., 1993) , and cytochrome c551 (Yamanaka and Okunuki, 1963) . Cytochrome cdl has been a notoriously difficult protein to crystallize for X-ray studies (see Yamanaka and Okunuki, 1963; Takano et al., 1979; Akey et al., 1980) . Numerous attempts have been made during the past three decades to acquire a crystal structure for this enzyme, but the quality of the crystals did not permit structure determination. We have recently been able to obtain well-ordered and strongly diffracting crystals of oxidized cytochrome cd~ from T. pantotropha (F018p et al., 1993) . The crystals diffract to about 1.5,~, resolution at room temperature. This paper describes the crystal structure of cytochrome cd~ at 1.55 ,~, resolution and presents a proposal for the catalytic mechanism.
Results and Discussion

Structure Determination
Crystals of cytochrome cdl belong to space group P21 with unit cell dimensions of a --107.8 ,~,, b = 61.9 ,~, c = 101.2 ~,, and 13 --112.5 ° (F (J 16p et al., 1993) . The crystallographic asymmetric unit contains a dimer. The structure of the enzyme has been solved by the method of multiple isomorphous replacement (MIR) using five heavy atom derivatives (see Table 1 ). At present, the crystallographic R factor is 17.6% in the resolution range of 5.00-1.55 ,~, and the free R value (Br0nger, 1992) is 19.3O/o (see Experimental Procedures). 
Deduction of the Protein Sequence from the Electron Density Map
The primary amino acid sequence of the enzyme from T. pantotropha is not known. Attempts to obtain this information by DNA sequencing have been hampered by several factors, including the high GC content of the DNA of T. pantotropha. However, the high resolution and good quality of the electron density map has permitted the gradual fitting of 559 amino acid residues into a continuous sequence ( Figure 2 ) in both monomers of the asymmetric unit (see also Experimental Procedures). T. pantotropha is an organism closely related to, or possibly a strain of, the better known denitrifier Paracoccus denitrificans (Ludwig et al., 1993) . The X-ray sequence of the T. pantotropha enzyme was, therefore, checked against two published sequences of cytochrome cdl from P. denitrificans (Ohshima et al., 1993; de Boer et al., 1994) and against 25% of the amino acid sequence that has been determined for the T. pantotropha enzyme from sequencing the protein itself (A. C. Willis, personal communication). A comparison (Figure 2) shows that the T. pantotropha and P. denitrificans sequences are highly similar, with 97% sequence identity. Although the X-ray structu re allowed the positive identification of 559 residues in the sequence, we believe that the protein is composed of 567 residues in total. Electrospray ionization mass spectrometry gives a molecular mass of 63,091 _ 8 Da for the enzyme, including the covalently attached c heme Moir, 1993) . The noncovalentiy bound d~ heme is lost during electrospray ionization. The molecular mass of the protein calculated from the X-ray sequence is 62,249 Da (including the covalent c heme only). The difference between the measured and the calculated mass is 842 Da and may represent eight missing residues in the sequence. It ks likely that these residues are the first eight residues at the N-terminus.
The N-termini of cytochromes cdl are blocked in both T. pantotropha (A. C. Willis, personal communication) and P. denitrificans (Ohshima et al., 1993) . This meant that the exact site of cleavage of the N-terminal periplasmic targeting sequence in P. denitrificans could not be identified in the published sequences (Ohshima et al., 1993; de Boer et al., 1994 produced with the program ALSCRIPT (Barton, 1993) .
an N-terminal glutamine as the first residue in P. denitrificans, which could form a blocking pyroglutamate. If the invisible residues of the T. pantotropha enzyme were the same as the predicted first eight residues in P. denitrificans (Figure 2 ), the molecular mass of these residues would be 832 Da, i.e., only 10 Da short of the observed mass difference, and at the error limit of the mass spectrometric measurement. An independent sequence determination of cytochrome cdl by chemical and genetic means is under way. The parts of the sequence already determined agree with the sequence determined from the high resolution X-ray structure. A full description of these results will be published elsewhere.
Architecture of the Molecule
The model described here consists of 8876 nonhydrogen protein atoms and an additional 874 solvent molecules. Figure 3 shows the subunit structure and the polypeptide chain fold in cytochrome cdl nitrite reductase. The two monomers are related by noncrystallographic two-fold symmetry. Superimposition of the two subunits gives a root-mean-square (rms) deviation of 0.32/~ for Ca atoms and 0.75 ~, for all nonhydrogen atoms. The water structure within the two subunits is practically identical, and the surface area buried between the two monomers is 1358 ,~,2. 
Domain Structure
The subunits are organized into two structurally distinct domains (Figures 3 and 4) . The surface area buried between the two domains is 1316 A 2, similar to the buried area between the subunits. c Domain Residues 1-134 form an ~-helical N-terminal domain containing the covalent c heme attached to residues Cys-65 and Cys-68. The c heme is the site of electron entry from donors (Silvestrini et al., 1990) . The structure of this domain resembles somewhat the structure of a class 1 cytochrome c domain ( Figure 5 ). Earlier studies on the Pseud o m o n a s a e r u g i n o s a e n z y m e by limited proteolysis (Horowitz et al., 1982) and by sequence analysis (Silvestrini et al., 1989) indicated that the protein may be organized into two domains. The domain containing the c heme was tentatively assigned to the class 1 group of c-type cytochromes (Moore and Pettigrew, 1990) , for which many structures are known, including that for tuna cytochrome c ( Figure 5B ) and cytochrome C55o from P. denitrificans.
Our results show that, while the c-type heme is indeed within an ~-helical structure ( Figure 5A ), the threading and connectivity of the helices differ from those of class 1 cytochromes c. In addition, the axial heme ligands are different: His/His in cytochrome cd~ (His-17, His-69), and His/ Met in class 1 cytochromes c (His-18, Met-80 in tuna cytochrome c). This His/His coordination in the T. pantotropha enzyme ( Figure 6A )is different from the proposed coordination in other cytochromes cd~. In P. aeruginosa, for inon the left side of the picture. Tyr-25, His-345, and His-388 are believed to be involved in catalysis (see Figure 7 ). His-200 is an axial igand to the dl heme. stance, His-54 and Met-88 have been suggested to provide the axial ligands to the c-type heme (Silvestrini et al., 1989) . This proposal is supported by magnetic circular dJchroism spectroscopy (Sutherland et al., 1986 ) and nuclear magnetic resonance (NMR) spectroscopy measurements (Timkovich et al., 1985) of the P. aeruginosa enzyme. Preliminary NMR analysis of the enzyme from Thiobacillus denitrificans suggested that the c-type heme might have nitrogenous ligands at both axial positions (Huynh et al., 1982) . In the light of the X-ray structure and the experimental evidence mentioned above, it seems that the c hemes of the enzyme may have different axial ligands in various cytochromes cd~. dl Domain Residues 135-567 form a rigid C-terminal J3-propeller domain, containing the d~ heme in the core of an eight-bladed ~-propeller structure (see Figures 3 and 4) . The d7 heine is the site of nitrite and oxygen reduction. The topology of the d~ domain resembles two other periplasmic redox proteins, methylamine dehydrogenase (seven sheets) (Vellieux et al., 1989) and methanol dehydrogenase (eight sheets) (Xia et al., 1992) . Other examples and the significance of this structural organization are discussed by Murzin and Chothia (Murzin, 1992; Chothia and Murzin, 1993) . The two subunits within the dimer are held together by main-chain hydrogen bonds between the dl domains, extending from one monomer to the other ( Figure 3B ). The crystallized enzyme is in the fully oxidized state and shows that the iron of the dl heme has two axial ligands (Walsh et al., 1979) . One of these is a histidine (His-200), consistent with spectroscopic measurements (Johnson et al., 1980) . However, the other axial ligand, which was tentatively assigned to be nitrogenous (Sutherland et al., 1986) , is seen to be the oxygen atom of Tyr-25 of the c domain ( Figure 6B ). The electron density map is unambiguous in this respect. The published sequences for cytochrome cdl from P. denitrificans (de Boer et al., 1994; Ohshima et al., 1993) and P. aeruginosa (Silvestrini et al., 1989) contain a tyrosine at or near this position in the sequence. However, the sequence of the Pseudomonas stutzeri enzyme (J~ngst et al., 1991; Smith and Tiedje, 1992) indicates a long deletion in this region, and there is no tyrosine in the N-terminal domain of this enzyme. Our results suggest either that there is a different chain fold in cytochrome cdl from P. stutzeri or that a different ligand performs the function of Tyr-25 in that enzyme. These results indicate a substantially larger degree of structural diversity than expected in the liganding sphere of both heine irons in cytochromes cd~. it is conceivable that nitrite reduction can be performed differently by cyto-
Figure 6. Stereo View of the Final Electron Density Map around the c-Herne and the d~-Heme
The map is contoured at the 1 o level, where a represents the rms electron density for the unit cell. The c heme (A) is the acceptor site for various electron donors, including cytochrome c55~ (Yamanaka and Okunuki, 1963) , azurin (Parr et al., 1977) , and pseudoazurin . The d~-type heine (B) is the site of nitrite and oxygen reduction (Silvestrini et al., 1990) and is distinguished by partial saturation of the porphyrin ring and the presence of carbonyl groups on the ring. Cytochrome cdl is the only protein known to contain a d~-type heme. chromes cd~ from different organisms, utilizing different ligands to achieve catalysis.
Domain-Domain Interactions
In addition to the connecting main-chain polypeptide (see Figure 4) , the c and d~ domains within a monomer interact in two ways. First, there is an interface region involving approximately 20 hydrogen bonds and salt bridges between the two domains. Second, and unexpectedly, the main chain of the ~-helical c-type cytochrome domain makes an excursion into the d~ domain, lending Tyr-25 of the c domain as one of the axial ligands to the iron of the d~ heme in the d~ domain (see Figure 4) . Thus, although the polypeptide chain folds into two discrete domains, modeling the protein on the basis of structures of the separated domains (a common praxis in NMR structural studies on multidomain proteins) would not reveal key features of the structure-function relationship in this case.
Heine Position and Environment
In contrast with earlier beliefs (Makinen et al., 1983) , the two hemes are arranged at about 60 ° to each other within the monomer and separated by an iron-to-iron distance of 20.6 ~,. This arrangement is similar to the arrangement within the cytochrome c-cytochrome c peroxidase complex (Pelletier and Kraut, 1992) . The shortest edge-to-edge distance between the c and dl heroes is 11.0 A in the monomer. The distance between the two c heme irons in neighboring subunits is 42.4 ,~, while the distance from a cheme iron in one monomer to a d7 heme iron in the other is 47.0 ,~,. The distance between two d~ heme irons is even longer, 50.5 ,~,, and none of the heme edges between neighboring su bunits is closer than 38.5,&,. Given that electrons reach the enzyme via soluble c-type cytochromes or pseudoazurin, it can be expected that the redox potentials of the two types of heme in cytochrome cd~ from T. pantotropha are at least +200 mV, in common with the enzyme from P. aeruginosa (Blatt and Pecht, 1979; Brittain et al., 1992) .
Proposed Reaction Mechanism
The position of the heine groups within the molecule (see Figures 3 and 4) means that reduction of both nitrite and oxygen occur at a mononuclear center. This contrasts with the reduction of oxygen to water at the binuclear type of center identified in cytochrome aa3 and other related oxidases. The electron transfer rate between the two hemes in cytochrome cdl (Yamanaka and Okunuki, 1963; Makinen et al., 1983; Silvestrini et al., 1990 ) is much slower than expected from the distance between the c and dl hemes in the structure. Stopped-flow experiments (Silvestrini et al., 1990) have revealed that the turnover of cytochrome cdl is limited by the rate of electron transfer from the c heme to the d~ heme. The distance between the hemes determined from the crystal structure is not large enough to account for the slow electron transfer rate. The unique coordination of the d~ heme iron by Tyr-25 of the c domain could, however, offer an explanation for the slow reaction rate. Electron paramagnetic resonance and magnetic circular dichroism spectroscopy have indicated that the d~ heine changes from low spin to high spin on reduction (Walsh et al., 1979) shows the proposed mechanism of oxygen reduction. Substrates bind to the reduced form of the enzyme, in which the dl heme is pentacoordinate (Walsh et al., 1979) . After nitrite binding, two histidines (His-345 and His-388), which are in close proximity to the dl heme, provide protons to allow the removal of one oxygen atom from nitrite. This leaves NO bound to ferric d,. Electron paramagnetic resonance indicates that NO binds to dl heme via its nitrogen (Johnson et al., 1980) . NO is released from the o'1 heine by replacement with Tyr-25. Subsequently, the dl heine is reduced by an electron from the cheme, and Tyr-25 is displaced from its position as an axial ligand to the d~ heme. Oxygen reduction occurs at the same mononuclear iron site (B). It is envisaged to require two two-electron reduction steps linked with two double protonation events.
removal of one axial ligand. Electron paramagnetic resonance spectroscopy also indicated that the remaining axial ligand is nitrogenous in the high spin reduced d~ heme (Johnson et al., 1980) . Studies by solution X-ray scattering (Berger and Wharton, 1980) showed a substantial increase in the radius of gyration as a result of reduction. Early X-ray studies (Takano et al., 1979; Akey et al., 1980) were also indicative of a substantial conformational change in crystals of cytochrome cd, when the crystals were placed under reducing conditions. According to the Marcus theory, the rate of electron transfer between two redox centers depends upon the difference in free energy, the separation of the redox centers, and the reorganization energy. A model for a plausible catalytic mechanism, based on the assumption of a redox-dependent conformational change during catalysis, is presented in Figure 7 . Figure 7A shows the proposed mechanism for nitrite reduction. Reduction of the enzyme displaces Tyr-25 from the d~ heme iron (see experimental evidence above), allowing access to the iron for substrates (structure 1 in Figure 7A ). Nitrite binds to the reduced enzyme. After the reduction of nitrite to NO and concomitant oxidation of the dH heme to give dl hemeH÷.NO, the two domains close up, and Tyr-25 forces the product (NO) to leave the d~ iron. Domain closure and the movement of Tyr-25 depend on the spin and oxidation state of the two hemes. This mechanism ensures that NO leaves the iron before the next reduction step, thus preventing the tight binding of NO to Fe(ll). The electron transfer rate is slow because it is dependent on the conformational change (adding to the reorganization energy), and it is driven by a small redox potential difference between the two types of heme (Blatt and Pecht, 1979) . Figure 7B shows the proposed mechanism for oxygen reduction. Cytochrome cd, can simultaneously store two reducing equivalents at the two heme irons within a subunit. Oxygen reduction to water at the d~ iron center is envisaged to require two two-electron reduction steps linked with two double protonation events. In step 1 ( Figure  7B ), molecular oxygen binds to the reduced enzyme. The oxygen-oxygen bond cleavage during the first twoelectron reduction is linked to double protonation of the oxygen atom farthest from the iron by His-345 and His-388. This step produces one molecule of water from one of the oxygen atoms. The other oxygen atom remains on the dr iron, forming a ferryl species. The ferryl iron is in the low spin state, and unlike NO, the oxygen is effectively covalently linked to the iron (structure 3) and cannot be replaced by Tyr-25 before the next double reduction step. In step 4, two electrons are picked up from external electron donors, and the two protons on His-345 and His-388 are replenished from the bulk medium. The second double reduction step gives a second molecule of water, while Tyr-25 returns as the second axial ligand to the heme iron.
Conclusions
Although the structure of cytochrome cdl is made up of domains, an analysis of the separated domains individually would reveal little about the structure of the active site and the function of the enzyme. It is likely that interactions between the domains are crucial for catalysis in this enzyme.
Unlike cytochrome aa3 and related oxidases, in cytochrome cdl, oxygen is reduced at a mononuclear center.
This can be envisaged as involving two concomitant twoelectron reduction steps with amino acid side-chain ionizations. For nitrite reduction, the key part of the mechanism is the release of the product NO. This is proposed to be facilitated by a redox-dependent conformational change involving a concerted movement of the two domains. The mechanism would ensure that the product is forced to leave the d~ heme as the two domains close up at the end of the catalytic cycle. The reported slow electron transfer rate between the c and dl hemes may be accounted for by .,<I,> x 100, where I, is the intensity of an individual measurement, and <lh> is the mean intensity of that reflection. b Percent isomorphous difference is calculated using the expression ZJIFp. j -JFpJ/g]FpJ x 100, where Fp and Fp. refer to the native and the derivative structure factors. c The phasing power of a derivative is defined as the ratio of the amplitude of the rms heavy atom scattering factor to the rms lack of closure.
the proposed redox-dependent domain movement during catalysis. The finding that the dl heme is located at the interface between the two domains is reminiscent of the copper nitrite reductase, in which the copper site at which nitrite reduction occurs is also found at an interface between domains (Godden et al., 1991; Kukimoto et al., 1994) . A mechanism of NO release linked to domain movement may have wider implications for heme catalysis and signaling, for example, in the NO-dependent guanyl cyclase that contains heme (see Bredt and Snyder, 1994) .
Sequence comparisons among cytochromes cdl from various sources showed that the c domains had a sufficiently high degree of homology to suggest that they would be similar structurally as well as functionally. However, the crystal structure has indicated that there may be a substantial degree of diversity in the ligands of both the c and d~ hemes. This is not reconcilable with the dogma that asserts that in a given group of enzymes the key functional residues should be conserved. The results suggest that the effect of the immediate ligand sphere around the heme irons can be substantially modified by the surrounding protein matrix. This has far-reaching implications for the engineering of redox proteins.
Experimental Procedures
Crystallization
Cytochrome cd~ from T. pantotropha was purified according to the protocols of Moir et al. (1993) . Large single crystals (0.8 mm × 0.3 mm x 0.2 ram) were obtained by the hanging-drop vapor diffusion method at 15°C, using protein concentrations of 20 mg/ml and 2.2-2.3 M ammonium sulphate, 50 mM potassium phosphate (pH 7.0) as precipitants (F~lSp et al,, 1993) . The crysta!s belong to space group P2~ with unit cell dimensions of a = 107.8 A, b = 61.9 A, c = 101.2 /~., ~ = 112.5 ° (Ft316p et al., 1993) . The crystallographic asymmetric unit contains a dimer.
Diffraction Measurements and Data Processing
Three high resolution native data sets (to 1.8 ,A 1.6 ,~, and 1.5 A. resolution) were collected by use of 0.96 A radiation at stations 9.5 (18 cm MAR Research image plate detector) and 9.6 (either a Rigaku R-axis IIC image plate detector or a 30 cm MAR Research image plate detector) of the Synchrotron Radiation Source, Daresbury, England. These data were merged to give the final 1.55/~ resolution data set in Table 1 . Heavy atom derivatives were collected on an 18 cm MAR Research image plate detector using CuK~ radiation from a Rigaku rotating anode generator operating at 60 kV, 60 mA (Table 1) . The data were processed with the DENZO program (publication number DL/SCI/R34 of the Daresbury Laboratory, Warrington, England; Otwinowski, 1993).
Phasing by MIR with Solvent Flattening
The structure of the enzyme has been solved by the method of MIR from five heavy atom derivatives (Table 1 ). The MIR phases were improved by solvent flattening using the CCP4 suite of programs.
Model Building and Refinement
Electron density maps were interpreted with the program O (Jones et al., 1990; . Skeletonized maps (Jones and Thirup, 1986) were calculated for chain tracing. Side chains were gradually built into the electron density map on the basis of the shape of the electron density and the two published sequences of cytochrome cdl from P. denitrificans (Ohshima et al., 1993; de Boer et al., 1994 [GenBank Accession Number U05002] ). Initial coordinates for the c heine are from the structure published by Takano and Dickerson (1981) (entry 3cytc in the Brookhaven Protein Data Bank), and initial coordinates for the o'i heme are from entry KOSKEI of the Cambridge Structural Database (Allen et al., 1991) . Intermediate models of the enzyme were refined by simulated annealing using the program X-PLOR (Br~inger et al., 1987) with noncrystallographic symmetry restraints imposed. During four cycles of refinement and rebuilding, 559 residues could be fitted to the density in both molecules of the asymmetric unit. The resulting model was then refined without noncrystallographic symmetry restraints. At present, the crystallographic R factor is 17.6% in the resolution range of 5.00-1.55 A (defined as Rcryst = ZltFobsI--IF=clI/ZlFo0,1 x 100) using 159,564 reflections with Fobs > 2a(IFob, I). The free R value (Bringer, 1992) is 19.3%, based on 6,660 randomly selected reflections with Fob,> 2a(IFo~,l). The rrns deviations of the bond lengths, bond angles, and torsion angles from standard values are 0.013 A, 3.0 °, and 26.0 °, respectively. The mean coordinate error is 0.16 A, determined by the SIGMAA method (Read, 1986) . There is one residue in each subunit that is a Ramachandran outlier (Asn-106 on the interface between the two domains). The coordinates will be deposited with the Protein Data Bank.
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